In contrast with the usual method to obtain the wind-wave directional spectrum by multiplying the frequency spectrum with an empirical directional function, the authors attempt to derive analytically the directional spectrum by adopting proper spectral form and using effective parameters, namely, the zero order moment m 0 of the wind-wave frequency spectrum S(ω), its peak frequency ω 0 and the so-called peakness factor P = ω 0 S(ω 0 )/m 0 , where ω is angular frequency. The directional spectrum is given in a form of frequency spectrum for each direction. The spectral directionality depends on, in addition to frequency, the wind-wave growth status, for the peakness factor P as introduced by the authors previously is a measure of the wave development stage. The salient features of the directional spectrum, comparison with existing formulas and the verification of the spectrum by observational data are to be given in the Part 2 of the paper.
Introduction
Wind-wave directional spectrum constitutes an important field of study in both ocean wave theory and various engineering applications. However, owing to the complexity of the problem, it is very difficult, if not impossible, to obtain the spectrum by theoretical approach at the present stage of ocean wave research and we have to be contented with the empirical directional spectra that have been proposed from time to time. Let S(ω) denote the wind-wave frequency spectrum, ω being angular frequency. Then the directional spectrum is commonly given in the form
where f(ω, θ) is called directional function, θ being the angle between the direction of a component wave and that of the dominant waves traveling approximately in the direction of the wind which generates the spectrum. The function f(ω, θ) represents the directional distribution of energy of individual component waves in the spectrum and has to be obtained through analysis of time series provided by sophisticated schemes of measurement. In fact, the technique of time series analysis for this purpose and the design of observation schemes are important research topics by themselves. Nevertheless, the function f(ω, θ) obtained in this way and, consequently, the directional spectrum given in Eq. (1) are evidently empirical by nature.
The measurements by different authors indicate that in the directional distribution of energy as represented by f(ω, θ), the more distant is a component wave frequency from the peak *Project supported by the National Natural Science Foundation of China. frequency, the wider is the energy spreading. Recently, Banner (1990) argued that this peculiarity of energy spreading plays an important role in shaping the form of the equilibrium range of windwave frequency or wave number spectra. Despite the importance of these features of the directional spectrum, so far no attempt has been made to explain them. Donelan et al. (1985) made careful measurements of directional spectra by using an array consisting of 14 sensors and found from their analyses another interesting feature of the spectrum, i.e., the occurrence of the narrowest spreading of energy at a frequency slightly smaller than the peak frequency instead of the peak frequency itself as is generally conceived. Such an occurrence seems even more perplexing.
In an attempt to avoid the empirical approach, the authors in the present paper have tried to derive the directional spectrum in an analytic way by adopting proper spectral form and effective parameters for the frequency spectra along different directions and when these spectra are integrated with respect to direction, the wind-wave frequency spectrum can be obtained as a consequence. Traditionally, the wind-wave frequency spectrum has to be given first and the directional spectrum is obtained by multiplying the former with a directional function as in Eq.
(1). Here we reverse the procedure and the frequency and directional spectra are connected intrinsically rather than formally.
As it will be seen in Part 2 of the present paper (Wen et al., 1993) , in our deduction the important features of directional spectrum mentioned above can be explained with reference to the wind-wave growth processes, and the directionality of the spectrum agrees with the measurements by different authors. In addition, the wind-wave frequency spectrum obtained through integrating the directional spectrum has been compared with the JONSWAP spectrum and with that derived by the authors elsewhere, the agreement between them being reasonably good. Thus, the directional spectrum given in the following may prove useful in theoretical and practical applications.
The Adopted Spectral Form and Parameters
Before deriving the directional spectrum, some preparatory remarks concerning the adopted spectral form and parameters should be made. We are familiar with the form usually given to the wind-wave frequency spectrum, namely,
where p and q are generally given as positive numerical constants and A and B contain wave or wind parameters. Normalizing Eq. (2) with the zero order moment
and the peak frequency ω 0 calculated from
we can transform Eq. (2) into the nondimensional form
and Γ is gamma function. Despite its wide usage, either Eq. (2) or (5) can only describe the spectral form coarsely, since m 0 and ω 0 (or, the corresponding characteristic wave height and period) merely specify the area under the spectral curve and the peak position, while the spectrum can be broader or narrower even if the area and the position just mentioned are given. With a view to describing the spectral form more effectively, the authors in their recent work (Wen et al., 1988) on wind-wave frequency spectrum introduced the third parameter
where S(ω 0 ) is the magnitude of the spectrum at the peak frequency. We called P the peakness factor, for its reciprocal is, in essense, a measure of the nondimensional geometrical width of the spectrum. It can be expected that, by aid of P, in addition to m 0 and ω 0 , the spectral form can be more precisely described than in the case when only the latter two parameters are used. For this purpose, we introduce P = S (1) in Eq. (5) and rewrite the nondimensional spectrum in the form
where
Thus the dimensional spectrum S(ω) contain these three parameters. Equation (8) will provide a clue to the form of the directional spectrum to be derived later on.
It can be shown (see the Appendix) that Eq. (9) is approximately satisfied by
where e is the base of natural logarithm. We shall also make use of Eq. (10) in deriving the directional spectrum. However, to facilitate our discussion, we need to return to the physical significance of the parameter P, though it has already been interpreted as a measure of spectral width.
By analysing and comparing existing observation data from different sources, the authors (Wen et al., 1989a) constructed an empirical formula for the peak frequency ω 0 of wind-wave spectrum, the result being
where U is the wind speed at 10 meters above the sea surface, x the fetch and g the gravitational acceleration. The left-hand side of Eq. (11) ( ) So P is proportional to the speed ratio Uω 0 /g and reflects the stage of wave growth, younger waves being associated with larger value of P. In the authors' previous work (Wen et al., 1988) , P attains its smallest value of 1.538 for fully developed waves in deep water. Since wind-wave frequency spectrum is comparatively narrow, its significant part on both sides of the peak frequency can be reasonably well described by using the parameters m 0 , ω 0 and P, while in the higher frequency interval adjacent to this part, the spectrum merges into the socalled equilibrium range. The results of various measurements of this range as summarized by Phillips (1985) indicated that in the case of deep water observations were better represented by the curve
( ) Phillips (1985) confirmed Eq. (14) theoretically by considering the equilibrium of energy input and dissipation and the nonlinear wave-wave interaction. Though the concept of equilibrium was recently doubted by Banner (1990) , he obtained the result in Eq. (14) for the frequency interval closer to the peak by extrapolating the empirical directional function of Donelan et al. (1985) . Thus, so far as the energy containing part is concerned, the wind-wave frequency spectrum can be constructed by connecting Eq. (8) to the equilibrium range in Eq. (15). But it has been very difficult to define the lower limit frequency of the equilibrium range. Let this lower frequency be denoted by ω t . Then from Tick's theoretical discussion (Tick, 1959) , the ratio ω t = ω t /ω 0 should be taken larger than 2. On the other hand, in some authors' measurements, ω t lies very close to the peak frequency itself. Davidan et al. (1978) marked down through proper procedures the lower limit frequencies from a large number of measured spectra and found that ω t decreased exponentially with increasing Uω 0 /g. If we take Uω 0 /g = 0.91 as a criterion (Wen et al., 1989a) for the full development of wind waves, the corresponding value of ω t by the fitted curve of Davidan et al. is approximately 2. Thus for the fully developed spectrum in deep water we shall assume ω t = 2 when P = 1.538. As for very young waves, they are characterized by large values of Uω 0 /g or P. Furthermore, the parameter P plays a similar role in shaping the spectrum as the peak enhancement factor γ in the JONSWAP spectrum. In fact, Wen et al. (1989b) established through normalizing the latter spectrum a relation
dω between the two parameters, where σ is another peak-shaping parameter in the JONSWAP spectrum. By aid of numerical integration of the above equation, a curve of P vs γ had been plotted. The curve call be fitted by
From Eq. (16) the parameter P = 3 and 6 corresponds to γ = 3.1 and 15.0, representing frequently encountered and very young wind-wave conditions respectively. Considering the trend of the curve of Davidan et al. and the usual range of values of P and Uω 0 /g for very young waves, we shall take ω t = 1.15 when P = 6. We have specified the conditions for fully developed and very young waves by their respective values of P and given the corresponding values of ω t , viz, ω t = 2 for P = 1.538 and ω t = 1.15 for P = 6. Assuming that ω t varies exponentially with P, it is now easy to establish from these two sets of figures a relation ω t = 2.38P −0.406 17 ( ) to determine the lower limit frequency of the equilibrium range of spectrum at different wave development stages.
The approach described above can in principle be applied to construct a wind-wave frequency spectrum and, in fact, the work of Hou and Wen (1990) on the subject followed partly this line of reasoning. However, the reason why we have endeavored to explain the basic idea concerning the spectral form and proposed a method to determine the lower limit frequency is to furnish a basis for deriving the wind-wave directional spectrum in the following discussions.
Derivation of the Directional Spectrum
The directional spectrum may be conceived as a composition of numerous frequency spectra in different directions within the range -π/2 р θ р π/2, θ being the angle measured from the dominant direction of wind waves. We shall express the lower frequency part and the significant part of each of these frequency spectra by a form similar to that given in Eq. (8) with the parameters m 0 , ω 0 and P replaced by m 0θ , ω 0θ and P θ which represent respectively the zero order moment, peak frequency and peakness factor of the spectrum in the direction θ and are to be taken functions of θ so that the directionality of energy distribution can be reflected. Furthermore, in analogy to the case of wind-wave frequency spectrum discussed earlier, the significant part of the spectrum in the direction θ is connected on the higher frequency side to an equilibrium range of the form in Eq. (14) or (15). The spectrum constructed in this way, which contains frequency and direction as variables, is the very directional spectrum to be sought and assumes, referring to Eqs. (8), (10) and (15), the nondimensional form
( ) (19) is the dimensional directional spectrum and ω tθ in Eq. (21) the lower limit frequency for the equilibrium range in direction θ.
It is natural and desirable to relate the parameters m 0θ , ω 0θ and P θ to those of the wind-wave frequency spectrum, namely, m 0 , ω 0 and P. So we put
where the coefficients k's and the exponents n's, as it will be shown later, are functions of P. In view of the assumption of symmetrical energy distribution with respect to direction in most of existing empirical directional spectra, we employ cosine functions in Eq. (23). Since there are 6 quantities k i and n i (i = 1, 2, 3) which can be adjusted, the directional spectrum with the form given in Eq. (18) would have remarkable flexibility in reflecting the reality. In fact, this may be considered as one of the merits of the spectrum to be derived. Substituting Eq. (23) in (18), we have
In Eq. (24) p θ and q θ are defined by Eq. (22) as before, but P θ is now calculated by Eq. (23) as a function of P and θ. Equation (24) gives the nondimensional directional spectrum normalized with the three basic wind-wave frequency spectrum parameters m 0 , ω 0 and P. This evidently offers greater convenience in application. Since both ω tθ and ω 0θ vary with θ, the nondimensional frequency ω tθ in Eq. (21) is a function of θ. However, if we assume the relation in Eq. (17) holds for spectra in different directions and take Eq. (23) into consideration, it readily follows that
It will be seen later (Eq. (46)) that the exponent n 3 varies from 0.30 to 1.34 for very young and fully developed waves, so the dependence of ω tθ on θ is very weak for the direction range within which the major part of spectral energy is concentrated. Thus, we take ω tθ to be constant for given P and in Eq. (24) replace it by ω t , the latter being calculated by Eq. (17). This greatly simplifies the computation, for instance, in integrating Eq. (24) with respect to θ to get the wind-wave frequency spectrum. The simplification made here may introduce appreciable error for very large θ, but the spectral energy beyond θ > 60° is very small, so the simplifying procedure is justfied in applied problems. In application, the lower frequency part of Eq. (24) is first used to calculate the spectrum until ω = ω t as specified by Eq. (17) is reached, then the value of F ( ω t , θ) is substituted in the higher frequency part of Eq. (24) to calculate the equilibrium range. In many applied problems it is usually sufficient to carry out the computation for ω р 4, beyond which the spectral energy becomes inappreciable and the spectrum may follow the law in Eq. (15) or not.
Determination of the Coefficients k's and the Exponents n's in the Spectrum
The question becomes now how to determine the coefficients k's and the exponents n's in the spectrum in Eq. (24). Before going into the details of derivation, it is necessary to emphasize that the directionality of spectral energy distribution depends on wave growth stage. In the directional functions obtained from measurements by Mitsuyasu et al. (1975) as well as by Hasselmann et al. (1980) , the quantity s, which these authors employed to characterize the dependence of the angular energy distribution on frequency, varies with the speed ratio Uω 0 /g, a measure commonly taken for specifying wave development status. In the formula fitted by Donelan et al. (1985) , a quantity β corresponding to s is given as function of frequency only with no reference to the effect of wave growth. But this effect can readily be discerned in Fig. 32 of the quoted authors' paper in which lgβ is plotted vs lg ω . The values of Uω 0 /g range from 1 to 6 in their measurements and β increases when Uω 0 /g is decreasing, especially in the vicinity of ω = 1, meaning that spectral energy tends to spread less wider for more developed waves. Thus the dependence of spectral directionality on wave growth process has been confirmed by observations and should be taken into account in the determination of the k's and n's in the formulation of our problem. In fact, we shall determine them as functions of the peakness factor.
The determination of the k's and n's will follow three steps:
(1) They are first computed for the average status of wind-wave development which we will specify approximately by P = 3, for, as given by Eq. (16), it corresponds to a peak enhancement factor γ = 3.1 in the JONSWAP spectrum, the average value of γ in the JONSWAP experiment being 3.3. The k's and n's obtained in this case will be numerical constants.
(2) On the basis of these constants the k's and n's will be given as linear functions of P, i.e., in the form of a + bP, where a and b are numerical constants. (3) To obtain more accurate result, one of these linear expressions will be replaced by a polynomial of P.
Determination of k's and n's for P = 3
To determine k i and n i (i = 1, 2, 3), 6 conditions are needed. Considering Eqs. (22) and (23), let the directional spectrum in Eq. (24) be denoted by F ( ω , θ; k i , n i ; P) and integrate it with respect to θ, the result being the nondimensional wind-wave frequency spectrum
The area under the nondimensional spectrum is equal to unity, so we have the first condition
The slope of the spectrum at the peak is zero. Hence the second condition
By the definition in Eq. (7), P = S (1). This gives the third condition
To derive the fourth condition, we integrate the spectral energy distributed over the range -π/2 р θ р π/2 and get the total energy of the wind waves. Thus, integrating m 0θ in (23) with respect to θ, we obtain the variance m 0 , or,
Performing the integration yields the relation between k 1 and n 1
( )
The four conditions in Eqs. (31) to (34) are to be satisfied for all values of P. We shall seek to establish the remaining two conditions from dimensional consideration and confine ourselves to the case P = 3. The dimension analysis of the parameters m 0θ , ω 0θ and P θ may involve a number of factors among which wind speed and gravitational acceleration are undoubtedly the major ones. Considering the effectiveness of energy transfer from air to waves, the wave components traveling in the direction θ may be thought to be under the action of wind speed U θ = Ucosθ, U being the mean wind speed in the dominant wave direction. Thus the following relations exist dimensionally:
So far as the effect of directionality is concerned, Eqs. (23) indicate that m 0θ~c os n 1 θ, ω 0θ~c os n 2 θ,
Substituting these relations and U θ = Ucosθ in (35) and (36), we have
Should the mathematical operations involved in Eqs. (31), (32) and (33) be carried out for P = 3, the results would have the form
( )
Equation (39) together with Eqs. (34), (37) and (38) constitute a group of algebraic equations, the solution of which would give the required k i and n i for P = 3. The difficulty is with the integration in (30) which is so complicated in form that it is impossible to perform the integrating analytically and we have to resort to numerical procedures. We proceed to determine k i and n i (i = 1, 2, 3) by trial which consists in trying different sets of values of them and selecting that set which satisfies best the six equations mentioned above. It is comparatively easy to satisfy Eqs. (34), (37) and (38), but we have to do the lengthy integrating in (30) and (31) numerically on a computer. Though there are 6 unknown, the trial is not so difficult as at first sight, for we can find some useful guides for such trial from the structure of the directional spectrum comprised of numerous frequency spectra in different directions.
Refer to Eqs. (23) and Fig. 1 . The vertical axis represents the directional spectrum F (ω, θ) or the corresponding frequency spectrum S(ω) and the radial lines OA, OB and OC in a horizontal plane represent frequency ω. The solid curves show schematically directional spectra in the directions θ = 0, θ 1 and θ 2 respectively while the broken curve is the frequency spectrum S(ω) obtained by integrating the directional spectra with respect to θ. The area under the directional spectrum decreases with |θ| and becomes zero at ±π/2. So the exponent n 1 in Eq. (23) must be positive.
In the various directional spectra so far proposed for wind waves the peak frequency remains finite and equal to that of the frequency spectrum approximately or exactly. But, in reality, when wind blows in the direction θ = 0, it may be assumed that there is no energy propagating in the direction perpendicular to that of the wind, neglecting the possible effect of the nonlinear wavewave interaction. Thus the wave height is zero in the direction θ = ±π/2. On the other hand, the energy-containing part of the frequency spectrum in the direction θ is centered near the peak frequency and may be thought subject to the wind speed Ucosθ, where U is the mean wind speed at θ = 0, so the peak frequencies in different directions should increase with θ and are assumed to become infinite at θ = ±π/2. So there is theoretically a shift of peak frequency and the relation ω 00 < ω 01 < ω 02 holds in Fig. 1 . However, no appreciable and systematical change of peak frequency in directional spectrum has been reported in wave measurements. It is very likely that in a certain range of direction around θ = 0, within which most of spectral energy is concentrated, the change of peak frequency is too small to be detected easily. Thus the exponent n 2 in Eq. (23) should be a negative small number. Another interesting fact is that the peak frequency ω 00 of the directional spectrum at θ = 0 is theoretically smaller than ω 0 , the peak frequency of the wind-wave spectrum S(ω). For, in case ω 00 у ω 0 the peak frequency of the resulted wind-wave frequency spectrum by summing up all the frequency spectra in different directions would be larger than the real value ω 0 . On the other hand, the significant part of spectral energy lies in the comparatively narrow band of direction around θ = 0 and the exponent n 2 in Eq. (23) is small as just explained, so the shift of peak frequency is very slow in the vicinity of θ = 0. As a result ω 00 should be only slightly smaller than ω 0 , otherwise the peak frequency of the resulted wind-wave frequency spectrum would be smaller than its real value. Thus the coefficient k 2 in Eq. (23) must have a magnitude slightly smaller than unity. It may be mentioned in passing that this pecularity of ω 00 has a direct bearing on the new finding by Donelan et al. (1985) , namely, the occurrence of the narrowest spreading of spectral energy at a frequency slightly smaller than the peak frequency of the wind-wave frequency spectrum. We shall return to this problem in Part 2 of the present paper.
We next estimate the magnitude of the coefficient k 3 in (23). For this purpose we employ the dimension analysis used in (35) and (36) 
In fact, by calculating n 3 from Eqs. (37) and (38) and substituting the result in the third equation of (23), the relation in Eq. (41) can be obtained directly. Though n 2 is negative, its magnitude is much smaller than unity as explained above. Thus the exponent 1 + n 2 in Eq. (41) is positive and P θ decreases with θ. Equations (40) and (13) have similar forms, both P θ and P being proportional to ratios between wind speed and phase speed corresponding to the peak frequency. While P indicates the development status for the wind-wave spectrum as a whole, P θ measures the status for the spectrum in the direction θ. Thus P may be considered as a weighed mean of P θ with P θ0 , the peakness factor for θ = 0, being larger than P because of the monotonous decrease of P θ with increasing θ. Since, however, most of the spectral energy is concentrated near θ = 0, the value of P θ0 cannot differ appreciably from P. This leads to the conclusion that the magnitude of the coefficient k 3 in Eq. (23) is close to and larger than unity. Once n 2 , k 2 and k 3 are given, n 1 , n 3 and k 1 can be calculated from Eqs. (37), (38) and (34). Guided by the principle and the estimated values it becomes feasible to determine by trial on computer a set of k i and n i (i = 1, 2, 3) that satisfies the six equations listed earlier. For the case of P = 3 we obtained the trial values
as a first approximation. Substituting Eq. (42) in (24), directional spectrum F ( ω , θ) was calculated in the frequency range ω = 0 to 6, spectral values being given at frequency interval ∆ ω = 0.01 and direction interval ∆θ = 1°. The limit frequency ω t = 1.52 was computed from (17) for P = 3. We then numerically integrated F ( ω , θ) with respect to θ to obtain the wind-wave frequency spectrum S ( ω ). Let m 0 , ω 0 and P represent the area under S ( ω ), the peak frequency and the peakness factor for S ( ω ) as defined in Eqs. (31)- (33), the theoretical values of m 0 and ω 0 being unity. When the computed values of these three quantities are compared to the theoretical ones and the assigned value P = 3, the relative errors for m 0 and P are 7.6% and 7.7% respectively, while that for ω 0 is less than 1%. These large errors are to be reduced in the last phase of computation. While the solution in Eq. (42) satisfies Eqs. (32), (34), (37) and (38) well, some errors are incurred in satisfying Eqs. (31) and (33). The solution in Eq. (42) is by no means unique numerically, but does represent an approximate solution for the six conditions under consideration.
Determination of k's and n's as functions of P
The coefficients k's and exponents n's change with wind-wave growth stage and are consequently functions of P. We shall adopt here the simple linear form of function and write
We proceed to evaluate the 12 constants a i , b i , c i and d i from known values of n i , k i and the corresponding P. The 6 values of n i and k i for P = 3 in Eq. (42) can be used for this purpose and we need 6 additional values of such kind for other values of P.
We begin with the determination of the exponents n's. Owing to the wider spreading of spectral energy for younger waves characterized by larger values of P, the directionality of spectrum would become weaker and weaker until a value of P is reached when the directionality practically vanishes and the exponents n's become zero. Our present knowledge about windwave spectrum does not permit us to identify such limiting value of P precisely. However, we shall take
for P = 6. The reason is two-fold. Firstly, since the value of P = 6 corresponds, by Eq. (16), to γ = 15 in the JONSWAP spectrum, the wave status described by these parameters is extremely young indeed. Secondly, the directional spectrum obtained from this assumption agree reasonably well with empirical spectra as we shall see in Part 2 of the paper (Wen et al., 1993) . Substituting in Eq. (43) the known values of n's for P = 3 from Eq. (42) and those from Eq. (45) for P = 6, we can determine a i and b i and obtain n 1 = 9.798 − 1.633P, n 2 = −0.20 + 0.03333P,
( ) (37) and (38) for other values of P where in addition to wind speed and gravity other physical factors may probably play their parts in the dimension analyses underlying these equations. Improvement in the deriving of the n's as functions of P is worthy of exploring. For P = 6, we have n 1 = 0 and, from Eq. (34), k 1 = 0.3183. Substituting in Eq. (44) this value of k 1 for P = 6 and k 1 = 0.9290 for P = 3 as given by Eq. (42) and calculating c 1 and d 1 yield
We have made spectral directionality vanish at P = 6. Under such condition of wave growth, the peak frequency ω 0θ in Eq. (23) is independent of θ and equals that of the wind-wave spectrum as a whole. This requires that k 2 = 1 for P = 6. Using this set of values and k 2 = 0.9950 for P = 3 from Eq. (42), we obtain from Eq. (44) k 2 = 0.990 + 0.001667P. 48
( )
Known values of n's and k's for P = 3 and 6 have been used to derive the functions in Eqs. (46), (47) and (48). But the coefficient k 3 presents a different case in which we are not able to prescribe it a value for P = 6. However, we can turn alternatively to the fully developed spectrum represented by P = 1.538. We have reasoned that P θ0 is close to but larger than P in magnitude. So the coefficient k 3 , representing the ratio P θ0 /P as indicated in Eq. (23), has a value close to but larger than unity. For instance, it equals 1.15 at P = 3 as given by Eq. (42) in our trial calculation. As the fully developed state is approached, the rate of decrease of P θ0 with respect to θ decreases, thus the ratio P θ0 /P, and consequently the coefficient k 3 , becomes smaller when P is decreased. We shall take k 3 = 1.10 for the fully developed spectrum described by P = 1.538. The assumption is justified by the fact that k 3 must lie between 1 and 1.15 and the latter is close to unity enough to make the possible error incurred in the assumption tolerable.With k 3 = 1.15 for P = 3 and k 3 = 1.10 for P = 1.538 under our disposal, we can, following the procedures already employed in connection with the derivation of the functions in Eqs. (43) and (44), deduce the function
Modification of function k 1
The expressions of the n's and k's have been derived in the form of linear functions of P under certain assumptions. In order to assess the correctness of these functions, we substitute them in the directional spectrum F ( ω , θ) in Eq. (24) and integrate it with respect to θ to get the windwave frequency spectrum S ( ω ) for P = 1.538, 2, 3, 4, and 5. From the spectrum S ( ω ) the quantities m 0 , ω 0 and P are computed. Comparison of their computed values with the theoretical values m 0 = ω 0 = 1 and the assigned values of P shows that the ranges of relative error for m 0 and P are 3.1-16.9% and 0.76-14.0% respectively, while the errors for ω 0 are less than 1% in all cases.
Analyses of these errors associated with different P's show the possibility of reducing them by modifying the function k 1 . So we replace Eq. (47) by
Based on Eq. (50), the new ranges of error for m 0 and P now become 0.02-1.9% and 0.03-1.8% respectively, the errors of ω 0 being smaller than 1% as before. The accuracy attained here can be considered as acceptable in the current practice of spectrum calculations.
Values of k 1 given by Eq. (50) are systematically lower than those given by Eq. (34) with n 1 from Eq. (46) substituted in Eq. (34), the errors increasing from 4.49% for P = 1.538 to 13.7% for P = 5 with an average equal to 8.02%. Considering the smaller errors associated with the calculation of m 0 and P by using Eq. (50) as just mentioned, we shall employ Eq. (50), together with the k's and n's in Eqs. (46), (48) and (49), to compute the directional spectrum in Eq. (24) which we have been trying to derive.
Conclusions
(1) It proves feasible to derive analytically the wind-wave directional spectrum by adopting proper spectral form and parameters. In the present paper, the frequency spectrum in the direction θ, which represents, in fact, the directional spectrum proper, is derived first, and, by integrating such spectra with respect to θ, the wind-wave frequency spectrum is obtained in consequence. So the frequency spectrum and the directional spectrum are connected intrinsically rather than formally by multiplying the former with a directional function.
(2) Among the parameters we employ, the parameter P, which is introduced as a measure of the geometric spectral width. is proportional to the speed ratio Uω 0 /g characterizing the windwave growth status. Thus in the directional spectrum we have obtained the spectral structure changes in the course of wind-wave development.
(3) Since the parameter P θ , as a measure of spectrum development status in the direction θ, decreases with θ, the spectral curves in Fig. 1 become more and more flatter as θ increases.
So the ratio F ( ω , θ)/ F ( ω , 0), which is equivalent to the directional function ordinarily employed in directional spectrum, has its smallest magnitude near the peak frequency ω 0 , and this in turn leads to the narrowest angular spreading of spectral energy in the vicinity of ω 0 . The farther is the frequency from that of the peak on its both sides, the larger becomes the ratio, meaning wider angular spreading. Thus dependence of angular spreading of energy in a directional spectrum on frequency can be explained by the different wave development status which the frequency spectra attain in different directions.
(4) There must be a shifting of peak frequencies for the frequency spectra in different directions and this, in turn, effects the location of the frequency at which the narrowest spreading of energy makes its appearance in a directional spectrum.
These features of directional spectrum have qualitatively been discussed in the course of deriving the spectrum, the quantitative aspects of the problem being left to Part 2 of the paper. Furthermore, some procedures employed in the determination of the exponent n's and coefficient k's in the spectrum need to be improved.
